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Introduction
There is now widespread academic agreement that technical change has been skill-biased during the post-war period. 1 This conclusion is drawn from the observation that the college wage premium has gone up, even while the supply of college graduates has increased substantially. The pattern of skill-biased technical change (SBTC) has not been uniform across countries, however. 2 To explain these differences, Acemoglu (2002b) presents a model suggesting that the diverging patterns could be caused by the endogenous response of technical change to the supply of skilled labor. In this model, an increase in the supply of skills can generate SBTC, because profit-motivated innovators benefit from serving a larger market. Here, we empirically investigate the relationship between the supply of human capital and SBTC by studying a group of OECD countries.
If the mechanisms highlighted by Acemoglu are important determinants of cross-country differences in SBTC, we expect SBTC to be higher in countries with a large supply of skilled labor. We calculate direct measures of SBTC based on the skilled-worker share of the wage bill. Using these measures, we find no support for the hypothesis that the rate of SBTC is related to the supply of human capital. Moreover, we study the impact of the supply of human capital on R&D spending and find results indicating that human capital has a positive impact on industry R&D intensity. To the extent that R&D proxy for SBTC Kreuger, 1998, Machin and Van Reenen, 1998) , this result lends support to the hypotheses.
We further explore the possible impact of the supply of human capital on SBTC by studying industry-level data. This allows us to study both the average impact of human capital on SBTC and the potential sector bias of SBTC. That the latter can be of 1 For a survey on the impact of skill biased technical change on wage differentials, see Katz and Autor (2000) . Card and DiNardo (2002) present a dissenting view by arguing that the pattern of the skill premium is not consistent with any simple version of the SBTC hypothesis. Especially, they are critical of the link between computer use and SBTC. For a survey on endogenous technical change and its impact on the labor market, see Acemoglu (2002a) . 2 Gottschalk and Smeeding (1997) document differences in skill premia across different developed economies. Acemoglu (2003) finds that these differences to some extent reflect different rates of SBTC across countries.
importance is shown by Haskel and Slaughter (2002) who find that in periods when SBTC is biased towards high-skill industries, wage inequalities tend to increase. Our results show that both SBTC and R&D are relatively high in low-skill industries in countries with a relatively large supply of human capital during the 1980's.
Some previous results in the literature are interesting in the light of our findings. Using US data, Lawrence and Slaughter (1993) find that productivity growth was relatively high in low-skilled sectors during the 1980's. They suggest that trade may have caused this pattern. Our results suggest that this effect could be due to the relatively high rate of SBTC in low-skill industries experienced by countries with a large supply of human capital during the 1980's.
The plan of the paper is as follows. The next section explains more in detail why the supply of human capital might affect country SBTC. Section 3 lays out the empirical strategy and Section 4 discusses measurement issues and the data. The results are presented in Section 5 and a concluding discussion can be found in Section 6.
Effects of the supply of human capital on SBTC
Acemoglu (2002b) develops a theory where SBTC is caused by an increase in the supply of skills. In his model, the development and adaptation of new technologies are endogenously determined by profit-motivated firms, which can develop technologies complementing the various factors of production to different degrees. Depending on the relative profitability of different types of innovations, technical change will be biased towards the most profitable production factor.
An increase in the supply of skills has two opposing effects in this model. First, it reduces the relative price of skilled labor. This price effect yields a technical bias favoring the relatively scarce factor of production, i.e. unskilled labor in this case. This mechanism goes back to Hicks (1932) , who argues that technical change favors the relatively expensive factor. 3 Second, the increased supply of skills increases the market for innovations enhancing skilled labor. This market size effect tends to encourage technical change in favor of the factor with a large market. Thus, if there is an increase in the share of skilled in the labor force, this could generate SBTC. It turns out that the second effect dominates the first if the elasticity of substitution between production factors is sufficiently large. Accordingly, an increased supply of skilled labor will lead to an increase in the rate of SBTC, if the elasticity of substitution between skilled and unskilled labor is large. Several studies that have investigated this elasticity have indeed found it to be sufficiently large to generate these effects.
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Some caveats are worth mentioning, especially in relation to Acemoglu's framework.
Here, we interpret his model quite literally. In reality, the relevant market size for innovations is hard to define. It is, for example, possible that skill-enhancing innovations developed in a skill-abundant country are also put to use in countries where skilled labor is relatively scarce. For this reason, it might be the case that the relevant market for innovations is the whole world, which would make cross-country comparisons meaningless. International trade is another complicating issue since it affects factor prices -a central mechanism in Acemoglu's model. Thus, if we fail to find a relationship between the supply of human capital and SBTC, this is not necessarily an indication that the theory is inconsistent with the data. It does, however, imply that the cross-country differences in the supply of human capital cannot explain the differences in the patterns of SBTC experienced by the industrial world in the post-war period.
To further our understanding of a link between the supply of human capital and SBTC, we also study the industry pattern of SBTC. It is plausible that technological progress causes the productivity of high skilled relative to low skilled workers to increase more quickly in some industries than in others. If, for example, industries with a large share of 3 This is also known as the induced innovation hypothesis. Other important contributions in this area are Habakkuk (1962) , who argues that higher wages induce firms to adopt labor saving technologies, and Kennedy (1964) who highlights the trade-off between different technologies along an "innovation possibilities frontier". Vernon Ruttan, another pioneer in this field with a special emphasis on the experience of developing countries, summarizes his views in Ruttan (2001) . 4 On the estimated size of this elasticity, see Freeman (1986) . See also the references in Acemoglu (2002b) .
skilled workers experience a relatively high productivity increase for these workers, SBTC would be biased towards skill-intensive sectors of the economy. 5 That such sector biases can be of importance is shown by Haskel and Slaughter (2002) who find that in periods when SBTC is biased towards high-skill industries, wage inequalities tend to increase. However, they do not provide an explanation for the sector biases they document.
Other theories of endogenous technical change might potentially explain the different patterns across countries. In the model developed by Thoenig and Verdier (2003) , globalization triggers an increased threat of technical imitation that causes firms to develop skilled labor intensive technology. The process of defensive skill-biased innovation generates an increase in wage inequality. Other evidence of a trade effect is presented in Maurin, Thesmer and Thoenig (2002) . In their study of firm-level data, larger exports create a greater demand for skills. We do not directly attempt to evaluate these theories, but we do control for the effects of international trade on technical change.
Empirical strategy

Aggregated SBTC
We perform a very simple and straightforward test of the hypothesis that the supply of human capital has an effect on the rate of SBTC. We estimate the following relation:
where SBTC jt is the rate of SBTC in country j from time t and onwards, HC jt is the supply of human capital in country j at time t, X jt are control variables and ε jt is the usual error term. If α 1 > 0, the rate of SBTC is relatively high in countries with a large supply of human capital.
Sector biases of SBTC
To investigate the effects of human capital on the industry pattern of SBTC, we allow for different effects in high-skill and low-skill industries. We evaluate the relation between supply of human capital and the level and direction of SBTC to estimate the following:
SBTC ijt is the country-industry indicator of SBTC for each time period and HC jt is the beginning-of-the-period measure of country-level supply of human capital. Skillint ijt is the beginning-of-the period measure of industry-level skill intensity and HC jt × Skillint ijt is the interaction between these two. X jt is a vector of country level, Z it of industry level, and S ijt of country-industry control variables. Finally, ε ijt is an error term. We make different assumptions concerning the error term and use a specification comprised of industry, country, country-industry, and time fixed effects. Since the level of aggregation is different for the dependent and some of the explanatory variables, we cluster the standard errors at the country (or country-year) level.
If α 1 > 0, the implication is that countries with a well-educated population experience more rapid SBTC on average. If α 2 > 0, the implication is that, on average, SBTC is more pronounced in skill-intensive industries, while α 3 > 0 implies that SBTC is especially rapid in skill-intensive industries in countries where the population is well educated.
Measurement and data
Measurement
Our main measure of SBTC is the change in the share of skilled workers' wage bill, ∆ω ijt , where subscript i indicates industry, j country, and t time period. If this share increases when accounting for changes in the relative wage rates of skilled to unskilled workers, this means that the demand for skilled labor has increased. Such an increase in relative demand is commonly used to measure the degree of SBTC.
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This measure of SBTC is calculated at the industry level and then also aggregated to cover the whole manufacturing sector. We use the aggregated measure as an indicator of the degree of economy wide SBTC.
The measure of SBTC described above has the drawback of being based on an explicit functional form of the production function. Our second strategy is therefore to use R&D spending (as a share of production) as a proxy for SBTC since Machin and Van Reenen (1998) show that R&D is closely related to the growth in importance of highly skilled workers. Is it a reasonable indicator? Admittedly, no single proxy for technology is perfect. However, R&D has several advantages as compared to other measures. Unlike data on investments in computers and information technology, or data on innovation such as patent counts, data on R&D is broadly comparable across industries, countries and time. Moreover, studies have shown R&D expenditure to be an acceptable proxy for the outputs of the innovation process (see, for example, Griliches, Hall and Pakes, 1991) .
We study effects of the supply of human capital on the R&D intensity within industries.
It is not possible to study the impact on the aggregated manufacturing sector, since we would then mostly pick up changes in size of different sectors within manufacturing.
Thus, it is obvious that growth in supply of human capital should result in growth of R&D intensive sectors. The question we ask in this paper is whether a larger stock of human capital results in relatively more R&D in a particular industry. Since R&D spending is a proxy for subsequent technical change, we will use the level of R&D rather than the changes in this variable. To account for dynamics, R&D will be regressed on both contemporaneous and lagged levels of human capital, as well as changes in human capital.
One question that arises is whether an increase in the supply of human capital is merely a response to the introduction of skill-biased technologies. In other words, is there a case of reverse causality? Several studies of SBTC suggest that skill upgrading occurs after the introduction of new technology (see, for example, Author, Krueger, 1998, and Van Reenen, 1998) . By studying the levels and changes of human capital in previous periods, we limit the endogeneity problem. Moreover, Doms, Dunne and Troske (1997) find that causality runs in the direction suggested in this study. When studying firm-level data, they find that plants adopting new factory automation technologies have more skilled workforces both pre-and post adoption.
Data
To calculate the wage based measures of SBTC, we make use of the United Nations General Industrial Data Base (UNIDO) on industrial output and composition. Up until the early 1990's, this database reported the number and wage bills of production and nonproduction workers, respectively. Several researchers have shown that this classification closely follows the skill intensity of an industry (see, for example, Berman, Bound and Machin, 1998) . Here, we follow the earlier literature and define non-production workers as skilled and production workers as unskilled. All in all we have, depending on decade, data on up to 14 countries. over the period 1973-1998. 8 Industry R&D intensity is expressed as the ratio between R&D expenditure and total production.
As a proxy for the country stock of human capital, we use total years of schooling (or the years of higher education) in the population above 25 from the Barro-Lee (2000) data set on human capital. When so needed, the data has been annualized using simple interpolation.
When using our direct measure of SBTC, we define skill intensity as the number of nonproduction workers divided by the number of production workers. When we apply our indirect measure, R&D intensity, we construct a measure of skill intensity using US data 
Results
Country-level results
8 Australia, Canada, Denmark, Finland, France, Italy, Japan, Netherlands, Norway, Spain, Sweden, UK, USA and West Germany 9 There is a strong positive rank correlation between our skill ranking measures and the implied industrylevel wage rate (calculated as total labor compensation divided by total employment) for all countries in the sample. Since education levels and wages are highly correlated, this suggests that our reliance on US skill data is relatively unproblematic. 10 Even if the number of observations is low, these results offer strong evidence against the hypothesis that the supply of human capital has lead to an increase in the rate of SBTC.
Industry-level results
As mentioned earlier, it is not possible to study the aggregate effect of human capital on R&D spending, since we are likely to pick up changes in industry structures across countries. Instead, we investigate whether the supply of human capital increases the R&D intensity within industries. The first two columns of table 2 display the result from a cross-sectional study of 1980 and 1990. When only controlling for industry-skill intensity, the supply of human capital has a positive impact on industry R&D intensity.
However, when adding the control variables, the effect is no longer statistically significant. In the fifth and sixth column, we use lagged levels of human capital but there is still no effect. The last two columns show the results when exploiting the time dimension in the data. Controlling for country-industry effects, there is a positive impact of human capital on industry R&D intensity. In sum, there seem to be some positive effects of the supply of human capital on industry-level R&D intensity.
10 These results are available upon request.
Some interesting results are uncovered for the control variables. Unsurprisingly, more skill intensive industries do relatively more R&D, but perhaps more interestingly, changes in skill intensity have no effect on R&D. There is no evidence that globalization pressures induce more R&D, since Trade has a negative effect on industry R&D intensity in the cross-sectional study and there is no impact of any of the trade related variables in the panel.
[ Table 2 ]
In Table 3 , the results from industry-level regressions (equation 3.2) are shown. All regressions are run for the 1970's and the 1980's, respectively. In the first two columns, industry, but not country, fixed effects are used. In columns three and four, industry-level export and import ratios are included. In the next four columns, both industry and country fixed effects are included, and in the last two columns, industry-level controls are once more included.
[ Table 3 ]
The results are highly consistent across specifications. First of all, during the 1980's, but not the 1970's, SBTC was mainly been present in skill-intensive sectors. This is in line with Haskel and Slaughter (2002) , who find that SBTC was biased towards skill-intensive sectors in the 1980's.
Second, the interaction between human capital and skill intensity is negative and statistically significant for the 1980's regressions. This means that the rate of SBTC in high-skilled relative to low-skill industries was relatively low in countries with high levels of human capital. The relative size of the negative interaction effect to the positive direct effect of skill-intensity on SBTC tells us that SBTC is negative, when total years of schooling is larger than about 6.5. This is true for most countries in the sample. In other words, there is a clear indication that high levels of human capital caused SBTC to be particularly biased towards low-skill industries, at least during the 1980's.
Finally, there is no support for the idea that SBTC was more pronounced in countries with large stocks of human capital.
According to Theoning and Verdier (2003) , globalization increases the threat of imitation and leapfrogging which could result in SBTC. Our results on exports, imports and aggregate international trade do not offer any clear support for these predictions. Now, we turn to our second measure of SBTC − R&D intensity. The results presented in table 4 first show the cross-sectional results and then the pooled data when we control for industry-country specific effects. Since yearly variations in all variables tend to be small, we use data on every fourth year. According to the results in the first two columns, industries in countries with more human capital have a higher R&D intensity. For 1990, it also seems like this effect is greater for industries intensive in low-skilled workers. In fact, there is no effect of human capital for industries with the highest skill intensities.
Including control variables weakens the effect of human capital and the effect is no longer statistically significant in 1990. The asymmetry between high-and low-skilled intensive sectors remains, which is confirmed in the panel regressions presented in the last two columns. When a country has a high supply of human capital, industries in this country will increase their spending on R&D. However, the effect is most pronounced in low-skilled intensive industries. For example, the results presented in the last column imply that the effect of an increase in the supply of human capital is zero or negative for industries in the 95th percentile of the skill-intensity distribution. Including industry exports and imports, country-level GDP per capita or trade does not change the result.
We have also run all regressions using lagged levels of human capital and with industry and/or country dummies, and the results are very similar to those presented in the table.
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[ Table 4 here]
11 Naturally available upon request.
Next, we study the effect of changes in human capital on the level and direction of technical change, as measure by R&D intensity. Notice that changes are annualized to ensure comparability across specifications. The first two columns show the change in human capital to be positively related to the level of R&D intensity in 1980 but not significantly so in 1990. As can be seen in the last column, there is no effect of changes in the supply of human capital on R&D-intensity when pooling the data and controlling for country-industry effects.
[ Table 5 here]
We have also investigated whether the supply of human capital affects SBTC and R&D intensity asymmetrically in some other dimensions. Instead of skill intensity, we have used industry labor intensity, but we find no significant effects. Thus, the supply of human capital does not have a different effect on SBTC in industries with low labor intensity, as compared to those with high labor intensity.
Conclusion
It has been suggested that the supply of human capital has an impact on industry-level technical choice (Acemoglu, 2002b) . In particular, Acemoglu argues that a high supply of human capital will increase the rate of SBTC. This paper has aimed at empirically investigating whether this hypothesis finds any support in the data. We find R&D to be positively related to the supply of human capital. There is, however, no indication that this translates into higher rates of SBTC, when SBTC is measured as changes in the wage bill share of skilled labor.
Some asymmetries between different industries have also been uncovered. While SBTC in general is biased towards skill-intensive industries, this effect is less pronounced in countries with a high supply of human capital. These findings are interesting, not the least in light of Haskel and Slaughter (2002) , who find that wage inequality tends to increase when SBTC is biased towards skill-intensive industries.
Since Acemoglu's model does not discriminate between sector-and factor-biased technical change, it is hard to relate the results on sector biases to his framework. An alternative explanation to our findings would be that a large supply of human capital reduces the cost of R&D. To the extent that the demand for R&D is more elastic in lowskill industries, our results on sector bias can be rationalized by such a cost-based explanation. We cannot, however, discriminate between these hypotheses and thus, leave this attempt to future research.
Appendix.
Detailed description and summary statistics for data used when studying changes in non-production worker wage share (tables 1 and 3). Values every fourth year (1973, 1977, 1981, 1985, 1989, 1993 and 1997 Significance at the 1 (*), 5 (**) and 10 (***) percent level is indicated. Standard errors are clustered on country in columns (1) -(4) and on country-year in the last two columns. 93 Significance at the 1 (*), 5 (**) and 10 (***) percent level is indicated. Standard errors are clustered on country in columns one and two, and on country-year in column three. Four-years means changes in the variables in the last four years. Eight-years means changes in the variables in the last eight years. All changes have been annualized for comparability across specifications.
